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Preface 


The  application  of  elastic  surface  waves  in  solids  to  devices  in 
communications  and  radar  is  gaining  impetus.  The  studies  of  materials  and 
techniques  reported  during  the  past  five  years  show  a  steady  and  large 
increase  in  this  area  uf  scientific  and  technological  activity.  In  parti¬ 
cular,  during  the  last  two  years  it  became  obvious  that  the  methods  of 
signal  processing  by  means  of  acoustic  surface-wave  devices  are  sufficiently 
refined  to  be  used  in  numerous  practical  devices.  When  the  preparation  of 
this  report  was  originally  suggested  by  Dr.  A.  Shostak  of  the  Office  of 
Naval  Research,  it  was  clear  that  there  existed  a  need  for  review  literature 
in  this  field.  However,  during  the  past  year  significant  reviews  and 
summaries  of  the  state-of-the-art  of  surface  microacoustics  have  been  pub¬ 
lished  in  both  professional  and  trade  journals.  The  most  notable  is  the 
special  issue  on  Microwave  Acoustics  which  appeared  in  the  IEEE  Trans¬ 
actions  on  Microwave  Theory  and  Techniques  of  November  1969  (vol.  MTT-1? , 
no.  11),  and  which  significantly  enough,  while  it  was  aimed  to  cover  all  of 
microacoustics,  dwelt  on  surface  microacoustics  in  considerable  proportion. 
Also,  in  the  series  "Physical  Acoustics"  edited  by  W.  P.  Mason  and  R.  N. 
Thurston  and  published  by  Academic  Press,  two  chapters  appear  in  recent 
volumes  which  deal  with  elastic  surface  waves.  ("Properties  of  Elastic 
Surface  Waves"  by  G.  W.  Farnell  in  volume  6,  March  1970,  and  "Excitation, 

Detection,  and  Attenuation  of  High-Frequency  Elastic  Surface  Waves",  by 

* 

K.  Dransfeld  and  E.  Salzman,  volume  7,  August  1970.)  Among  the  reviews 

*At  the  time  of  completion  of  this  report,  a  paper  "Surface  Elastic  Waves", 
by  R.  M.  White  appeared  in  the  August  1970  issue  of  the  Proceedings  of  IEEE 
(pp.  1238-1276),  which  constitutes  the  most  intensive  and  up-to-date  review 
of  this  subject  and  which  also  contains  a  bibliography  of  nearly  the  same 
coverage  as  the  one  Included  in  this  report. 


in  trade  publications  are  those  by  Collins  and  Hagen  [57,58,59],  and  by 
van  den  Heuvel  [232] . 

The  objective  of  this  report  is  to  provide  an  introduction  to  the 
field  of  surface  microacoustics  which  can  serve  new  research  workers  such 
as  graduate  students  as  well  as  provide  a  useful  source  of  information  for 
the  practicing  engineer.  This  report  consists  mainly  of  two  parts:  1.  An 
introduction  to  and  review  of  the  field  of  acoustic  surface  waves,  and 
2.  An  annotated  bibliography  The  review  sections  are  sketchy  and  are 
intended  only  to  provide  a  guide  to  the  existing  literature.  The  latter 
has  been  restricted  to  published  journals  which  are  available  in  most 
industrial  and  university  libraries. 

My  own  introduction  to  and  activities  in  the  field  of  surface  micro¬ 
acoustics  have  been  greatly  enhanced  by  the  cooperation  of  my  associates 
Drs.  A.  P.  van  den  Heuvel,  S.  G.  Joshi  and  R.  J.  Serafin  of  the  IIT  Research 
Institute  in  Chicago,  Ill. 


Max  Epstein 
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I .  Introduct ion 

"Microacoustics"  refers  to  the  study  and  application  of  acoustic  waves 
in  solids  at  such  frequencies  at  which  the  length  of  the  wave  is  small. 
Since  the  velocity  of  propagation  of  acoustic  waves  in  solids  is  five 
orders  of  magnitude  smaller  than  that  of  electromagnetic  waves,  elastic 
waves  at  frequencies  of  several  megahertz  have  wavelengths  equal  to  a  small 
fraction  of  an  inch.  This  is  contrasted  with  electromagnetic  waves  in 
which  the  so-called  microwave  region  starts  below  a  frequency  of  a  giga¬ 
hertz  with  a  corresponding  wavelength  of  about  a  foot.  Thus,  indeed  the 
microacoustic  term  is  appropriate  for  most  devices  utilizing  the  propaga¬ 
tion  of  elastic  waves  in  solids.  Other  terms  have  also  been  employed,  such 
as  microwave  acoustics,  microsound,  and  praetersonics  (beyond  sound),  the 
latter  usually  applying  to  the  range  of  frequencies  above  100  MHz. 

The  excitation  of  elastic  waves  in  solids  has  been  realized  primarily 
by  means  of  piezoelectric  crystals.  These  crystals,  in  form  of  wafers 
whose  dimensions  are  related  to  the  acoustic  wavelength,  are  attached  to 
the  medium  of  propagation,  usually  chosen  for  qualities  such  as  attenuation 
of  the  waves  or  its  dispersive  characteristics.  The  waves,  which  are 
longitudinal  or  shear  waves,  propagate  towards  the  end  of  the  specimen  and 
can  be  detected  by  another  piezoelectric  transducer  not  unlike  the  one  used 
for  the  excitation  of  the  waves.  Except  for  soew  special  opto-elastlc 
techniques  of  detection,  the  alcroacoustlc  device  which  utilises  bulk  wave 
propagation,  constitutes  a  delay  line  with  a  given  fixed  time  delay.  Thus, 
the  access  to  the  signal  when  It  la  propagated  in  the  form  of  an  acoustic 
wave  ia  1'mlted. 

In  applications  which  Include  processing  and  storage  of  signals,  It  la 
advantageous  to  have  a  ready  access  to  the  signal  when  It  propagates  in  the 
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form  of  an  elastic  wave.  This  can  be  realized  by  utilizing  the  surface 
wave  mode  of  propagation,  wherein  the  energy  of  the  propagating  distrubance 
is  at  or  near  the  surface  of  the  solid.  The  most  common  surface  wave  is 
the  Rayleigh  wave  which  is  nondispersive .  Currently,  the  most  efficient 
method  of  excitation  and  detection  of  such  waves  is  by  means  of  interdigital 
transducers.  The  transduction  is  obtained  by  using  a  piezoelectric  sub¬ 
strate  for  the  propagation  medium  or  piezoelectric  thin  films  at  the  location 
of  the  transducer.  The  fabrication  techniques  of  surface-wave  interdigital 
transducers  are  similar  to  those  used  in  modern  microcircuit  technology. 

■  Thus,  in  addition  to  the  functional  advantages  of  the  surface  wave,  e.g., 
its  accessibility  or  nondispersive  characteristic,  the  field  of  surface 
microacoustics  is  quite  compatible  with  planar  technology  of  integrated 
circuits. 

The  frequency  characteristic  of  a  surface  microacoustic  device  depends 
greatly  on  the  design  of  the  interdigital  transducer;  hence,  a  variety  of 
filters  can  be  synthesized  by  using  such  a  device.  The  versatility  with 
idiich  the  surface  wave  transducer  can  be  designed  and  fabricated  has  been 
used  to  obtain  devices  with  desirable  frequency  functions  where  broad-band 
and  smell  sldelobes  could  be  attained. 

Ths  deposition  of  thin  layers  of  materials  with  acoustic  parameters 
differing  from  those  of  ths  substrate  can  be  employed  to  guide  the  surface 
elastic  wave.  Guided  elastic  waves  can  be  applied  to  the  design  of  surface 
microacoustlc  devices  which  perform  functions  similar  to  those  of  electro¬ 
magnetic  guided  waves.  Also,  propagation  of  surface  waves  in  layered 
structures  contributed  to  dispersion  of  the  wave.  By  controlling  the 
loading  of  the  layer  and,  thus,  ths  dispersive  characteristic  of  the  surface 
wave,  it  is  pose lb le  to  design  filters  used  in  pulse  compression  of  radar 
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signals.  Acoustically  loaded  substrates  can  be  used  to  propagate  another 
type  of  surface  wave,  the  so-called  Love  wave. 

Bulk  magnetic  spin  waves  and  magnetoelastic  waves  have  their  counter¬ 
part  in  the  surface  mode,  the  lattur  being  usually  coupled  to  the  Love  wave. 
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II.  Elastic  Waves 
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The  stresses  In  solids  utilized  for  the  propagation  of  mlcroacoustic 
waves  do  not  exceed  the  elastic  limit  of  the  material.  It  Is,  therefore, 
assumed  that  there  exists  a  linear  relationship  between  all  the  stress  and 
strain  components  Involved.  To  obtain  a  univalued  relationship  between  the 
six  Independent  components  of  stress  and  strain,  the  off-diagonal  terms  of 
the  six-by-six  matrix  of  coefficients  are  palr-wlse  equal  reducing  their 
number  from  36  to  21  [149].  Additional  symmetries  In  the  material  may 
further  reduce  the  number  of  such  coefficients;  e.g.,  for  a  cubic  crystal 
there  are  only  three  independent  constants  which  relate  the  strains  and 
stresses  in  the  solid,  ([149]  page  163). 

In  an  isotropic  solid,  in  which  the  coefficients  must  be  independent 
of  an  arbitrarily  chosen  rectangular  coordinate  system,  the  only  non-zero 
coefficients  are  the  six  diagonal  and  upper  left  six  off-diagonal  ones  of 
the  matrix.  In  addition,  the  off-diagonal  terms  are  all  equal  as  are  the 
first  and  last  three  diagonal  coefficients,  respectively.  Moreover,  the 
three  remaining  constants  are  not  Independent,  reducing  the  number  of 
independent  elastic  coefficients  to  two,  known  as  the  Lam^  constants,  and 
are  denoted  by  X  and  ii.  The  latter,  thus,  define  completely  the  elastic 
behavior  of  an  isotropic  solid.  Hen<e,  the  general  linear  relationship 
between  stress  T  and  strain  S,  Hooke's  law, 


T  -  c..S  +  c„_S  +  co0S  +  c_.S  +  cocS  +  c_,S 

yy  21  xx  22  yy  23  zz  24  yz  25  zx  26  xy 

T  -  c,.S _  +  C-.S  +  c,,S  +  c-.S  +  cocS  +  c..S 

zz  31  xx  32  yy  33  zz  34  yz  35  zx  36  xy 

“  ■  c.  .S  +  c.  _S  +  c.  _S  +  c..S  +  c.  S  +  c .  ,S 

yz  41  xx  42  yy  43  zz  44  yz  45  zx  46  xy 


41  xx  42  yy  43  zz  44  yz  45  zx  46  xy 

cc1S  +  ccoS  +  cc_S  +  cc/S  +  cccS  +  cc,S 

51  xx  52  yy  53  zz  54  yz  55  zx  56  xy 

T  ■  c,,S  +  c,.S  +  c,_S  +  c..S  +  c,cS  +  c,,S 

xy  61  xx  62  yy  63  zz  64  yz  65  zx  66  xy 
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or 


CU  C12  C13  C14  C15  C16 
C21  C22  C23  C24  C25  C26 
C31  C32  C33  C34  *35  *36 
*41  *42  *43  *44  *45  *46 
*51  *52  *53  *54  *55  *56 


*61  *62  *63  *64  *65  *66 


; 

(!•) 


with  l,j  “  1,...,6  and  T^'  and  S^'  given  in  Eq.  1,  reduces  for  the  caae  of 
an  isotropic  solid  (c12  -  c13  -  c^  -  c23  -  c31  -  c32  -  X;  c^  -  c^  -  cfi6  -  U; 

*11  "  *22  "  *33  "  X  +  2  to 


T  -  XA  +  2  \iS.  T  -  XA  +  2  \XS  ,  T  ■  XA  +  2  US 
xx  xx  yy  yy  as  ss 


T  *  US  . 

y«  ys 


T  » US  , 
sx  sx* 


T  ■  US  > 
xy  H  xy  * 


wnere  A  ■  S  +  S  +  S  represents  the  dilatation  or  the  relative  chenge 
xx  yy  ss 

in  volume  [127].  Since  the  Lam4  constant  u  represents  the  ratio  between 
the  corresponding  shear  stresses  and  strains,  it  is,  therefore,  equal  to 
the  shear  modulus  or  rigidity  of  the  solid. 

The  other  quantities  of  interest  in  elastic  behavior  of  solids,  namely. 
Young's  modulus,  Poisson's  ratio,  and  the  bulk  modulus,  can  be  expressed  in 
terms  of  the  Laml  constants  \  and  u  [127]. 

The  equations  of  motion  in  an  elastic  medium  are  obtained  by  applying 
the  forces  due  to  body  stresses  to  Newton's  second  law  of  motion.  It  is 
then  found  that  in  an  unbounded  isotropic  solid  only  two  types  of  waves 
with  different  velocities  can  be  propagated.  The  first  type  is  a  shear  or 

L 

transverse  wave  which  propagates  with  a  velocity  v£  ■  (|i/p)  ,  where  p  is 
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density  of  the  material,  and  the  second  type  is  a  longitudinal  wave  which 
involves  both  compression  and  shear  and  which  propagates  with  a  velocity 
«  [<X  +  2  n)/p]*f  ([127]  p.  13). 

At  and  near  the  surface  of  an  elastic  solid,  the  displacements  of  the 
material  are  caused  by  both  waves  of  dilatation  (longitudinal  waves)  and 
waves  of  distortion  (shear  waves).  The  displacements  or  amplitudes  of  the 
individual  waves  diminish  with  the  distance  from  the  surface,  each  with  its 
own  constant  of  exponential  decay.  The  combined  displacements  parallel  and 
normal  to  the  surface  propagate  along  the  boundary  of  the  solid  with  a 
single  velocity  of  a  wave  called  the  surface  or  Rayleigh  wave.  At  the  sur¬ 
face  of  the  elastic  solid,  which  is  free  from  external  forces,  the  assumption 
of  zero  normal  and  shear  stresses  provides  the  required  boundary  conditions. 
Applying  the  latter  to  the  solution  for  the  Rayleigh  wave  results  in  a  con¬ 
ditional  equation,  subject  to  the  existence  of  a  real  exponential  decay  of 
the  component  (longitudinal  and  shear)  waves.  As  a  consequence  of  this 
condition  a  unique  velocity  of  propagation  of  the  Rayleigh  wave  is  obtained. 
This  velocity  is  only  slightly  lower  than  the  velocity  of  the  shear  wave 
which  is,  in  turn,  lower  than  that  of  the  longitudinal  wave  [223],  [134]. 


6. 


ft 


III.  Acoustic  Surface  Wtvi 

Tha  propagation  of  olaatlc  aurfaco  wav* a  in  anlida  mi  flrat  invest i- 
gatnd  by  lord  Rayleigh  [172].  Rayleigh  analysed  tha  case  of  an  infinite 
hanogeneous  isotropic  elastic  solid  and  considered  the  caae  of  a  distur¬ 
bance  which  waa  confined  to  a  region  ludlate  to  the  surface  and  within  a 
thickness  conparable  with  the  length  of  the  elastic  wave.  At  the  surface 
of  the  solid  the  particle  dlsplaceosnt  follows  a  retrograde  elliptical 
Motion  with  the  najor  and  Miner  sms  of  the  elllpee  perpendicular  to  the 
eurface  and  parallel  to  the  direction  of  propagation,  respectively.  At  a 
depth  below  the  surface  of  about  one  fifth  of  the  aeeuetlc  wavelength,  the 
direction  of  particle  Motion  is  reversed  end  describee  a  forward  or  direct 
elliptical  path.  The  relationships  between  the  velocities  of  the  longi¬ 
tudinal,  transverse  end  surface  waves  ore  obtained  in  tome  of  Poisson's 
ratio  v.  Thus,  the  ratio  off  the  transverse  to  longitudinal  wave  velocities 
is  given  by  ([M3]  pngs  ltd) 

%  •  >jri&y  <»> 

Since  (or  nest  Materials  the  angnitwia  off  Poleeen’e  ratio  vartea  bs tween 
0.2  and  0.45,  the  ratio  off  the  above  velocities  rangee  be*w*sn  about  0.3  te 
0.4.  The  relationship  between  the  surface  and  transverse  wave  velocities 
is  eoaswhat  were  conplicated  ([233],  pngs  403,  Bg.  240m)  and  varies,  for 
0.2  <  v  <  0.43,  between  0.91  te  0.93.  As  afpreolnate  enpresslsn  (or  thin 
ratio  la  [42], 

i  t.i.ilY  .  «*> 

ft 
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For  th«  mm  rto|*  of  tho  FoImoo  rot  lr,  th  rod*  of  tbo  lurbct  to  loagl* 
tuilaol  wvt  volocitlot  vorloo  hotwooi  0.55  to  0.25.  Itw  particle  iloploco- 
oooto  u  to  too  loo*  1  cut imI  ooi  »  la  ko  tronovoroo  Oiroctloao  oorwol  taoi 
with  roapoct  to  tho  oonaol  fiipUcm  it  ot  tho  ovrfoco,  lo  ahowi  to  Fig.  ! 
oo  o  fuoctloo  of  4opch  loco  tho  ooili  Tho  lot  tor  it  aetwliiof  with  rupee  t 
to  tho  wovoloogth  of  tho  olootic  our  ft  co  wovo  [251].  Tho  two  cwrvoo 
(4ooho<  ooi  oo  114)  rofroooot  tho  wloo  ceUolotoi  for  Potoom'o  rotloo  of 
0.25  to  0.54,  rotpcctlwly.  Thuo,  th.  portido  iUptocooooto  4ocoy  rapUly 
with  41otooco  froa  tho  oorfoco  ooi  sh  horiiootol  coopooooc  of  tho  iioploco* 
■tot  choagoo  olga  ot  o  4opth  of  oh  out  oao  fifth  of  o  wovoloogth. 

Tho  otrooooo  la  tho  oolii  oioo  wry  with  Aopth  frow  tho  owrfooo. 
fhooolog  Cortooioo  toorilootoo  owch  that  tho  oorfowi  io  lo  «y  ploo,  with 
*o  Boyle  Igh  wm  propogotiog  io  tho  «■  4 Ire ct loo  mi  tho  ooll4  occvpioo 
tho  half  epooo  for  pMictve  c-4troctl««,  rig.  2  ahowo  tho  worlatloao  of 
ocrooo  with  4ofth  ftroo  tho  oorfoM  oorooliae  I  with  roopott  to  wovoloogth. 

Tho  otrooooo  Tm,  T##,  oo4  TM  oro  mpoctlwly,  tho  oorwol  oo4  Ohoor 
otrooooo  porpooilcvlor  mi  porollol  to  tho  iiroctloo  of  propogotloo  of  tho 
oorfaoo  wovo*  Thooo  ere  gftvoa  at  eerwtllooc  with  roopoct  to  tho  oorwol 
otrooo  ia  tho  iiroctloo  of  wovo  proposottoo  «o4  ot  tho  oorfoco  T^, 

Ago  la,  tho  4o0ho4  oo 4  oollO  cvrvoo  crrroopor  to  tho  oaooo  of  friONi'o 
ratio  ogwol  to  0.25  mi  0.24,  roopoct » roly  (  21). 

Tho  ottooootloo  of  Mylcipi  wovo  .  whlc  >  U  4m  tv  ohoorptloo  ooi 
•cot  tor  lag  of  ocoootlc  oaorgy,  ooa  ho  ohowo  >•  ho  roloto4  to  tho  ottooootloo 
of  looglto4iaol  ooi  ohoor  vavoe  [lhf]  lo  oct  oaooo  la  which  tho  looo  U 
tow,  tho  ohoorptloo  ceoJficloot  of  th*  hoylo  th  wovo  io  liaoorly  roloto4 
to  tho  corroopooilog  ohoorptloo  coofficlooto  mi  o§  of  tho  ooaproooioaol 
oo 4  ohoor  wowoo,  roopoct ivoly,  o#  •  ic{  ♦  hs ...  A  ooi  •  Aopooi  oo  tho 


DOTH  FROM  THE  M4Mt" 


fl|.  I  •  fartlcU  #f  (M  I#— I  mil —I  #m  imwnt 

M— II— i  wUh  r»f  It  t#  IK#  tr  MDWIr  <t— lit— #  M  #t  IK#  ##(•(• 

w 

ii— II—  vUK  r  i  if  it  t#  cii#  *vi  f#c#  —  I— jtK 


velocity  ri(U«  af  tha  tkrN  tUacic  w«*i  (loaaltWlaal,  traamm  Mi 
wfact  «mn)  [149],  «ki(k  la  tarn  4agaa 4  nly  aa  NIimb'i  rati*  [U]. 

Ct Ilia lag  tka  calculate*  velaea  far  (ha  velocity  retire  aa  feactleaa  af  tha 
Paiaeea'a  rat  la  [42],  catf  agglytag  ft  ta  caagwte  tha  aaataata  A  ae4  I,  aa 
ahtala 


far  Pale* 

aa'a  rat  la  v  •  0.2 

SL± 

A  •  0.29 

0.19 

0.09 

ft  •  0.092 

0.904 

-l 

Fraa  tha  aalaaa  aha 

aa  It  aggaere  that,  far 

"ha  raaga  af  tala 

ahaaa  0.2,  tha  ahaargtlaa  ceefflcleet  af  tha  Racial#  veve  la  eaerly  tha 
aaaa  aa  ^at  af  tha  ahaar  veve.  Naaaaraaaata  af  akaarptlaa  caafftclaata 
iallwta  a  llaaar  Oegeaiaate  aa  fragaaaty  [149].  fraa  4ata  ahtolaai  at  I 
aa 4  )  Ml,  far  a  aatal  (v  •  0.249),  glaaa  (v  •  0.242),  aal  gelyatyreaa 
(v  •  0.249),  tt)  attaaaatlaa  la  thaaa  laatrayle  arterlale  varlaa  tataaaa 
0.01  ta  O.IOhAk  aac  af  4a lay  [120].  Tha  ahaaa  aalaaa  ahaaU  ha  caagara* 
with  attaaaatlaa  af  alaatlc  aaaaa  la  alagletryetal  aatarlala  aa  ahaaa  la 
Fig.  2.  Tha  lattar  tail  cat  aa  that  tha  attaaaatlaa  la  cryetale  la  caa* 
etOerahly  laaar  thaa  la  aaarrhaaa  MlUa.  It  la  af  ilataraat  ta  aata  that  a 
llaaar  OegaaOaaca  af  tha  attaaaatlaa  caafflclaa*  a  fregveecy,  aa  faaai  far 
teat regie  eel 14e  at  laaar  fragaaaclee,  lag  Her  *  caaataat  attaaaatlaa  gar 
aalt  aaaalaagth.  hmif  ita  aa  aatala,  glaaa  aatf  fare*  gear ta  chav  tk 
lattar  ta  haaa  tha  blghaat  aarfaca  -caw  velocity  (9.4  a  10*  cWeec)  aai  tha 
lavaat  attaaaatlaa  (0.009444A*  aac)  (229). 
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If.  froHutlw  ||  Aalsotroolc  iolUt 

The  high  attenuation  of  oUodc  Mm  in  inotropic  solids  roqulreo 
that,  at  high  f  nqweocles,  tho  propagation  of  aurfaco  mvss  bo  obtained 
with  alagle-cryotal  natoriala.  Aleo,  tho  neat  conson  uethoda  of  ascitatlon 
and  dot  action  of  acouetic  aurfaco  waves  by  aaana  of  tho  pioaoolactrlc 
a f fact  point  to  tho  uoo  of  nnlaotroplc  .rystalltne  oolida.  (In  a  lator 
diacuoalon  on  futdad  aurfaco  waves,  tho  above  argunent  will  bo  qualified.) 

Tho  derivation  of  oolutlotM  for  tho  propagation  of  olaatlc  uavoa  In 
an  Inotropic  oolida  can  ho  very  couples.  Depending  on  the  cryatal  ayotan 
assd  clean  (them  are  thirty- two  cryatal  claaaoa  [Ill])  the  nunhsr  of  dif- 
foront  olaatlc  conatanta  contrlhutoa  to  tho  conplonity  of  tho  prehlon.  For 
canoe  of  propagation  along  aeneywetry  planoa  up  to  21  inda pendent  olaatlc 
conatanta  nay  ha  involved.  Tho  anarch  for  alaatic  esvee  propagating  on  tho 
aurfaco  of  an  nnlaotroplc  eolld  iadicatoa  that  Rayleigh  typo  aurfaco  uavoa 
octet  anly  ia  given  direct  Iran  depending  on  tho  valuaa  of  tho  olaatlc  con* 
at  ant  a.  Ware  aver,  aurfaco  uavoa  have  boon  found  vhich  are  characterised  by 
a  decay  with  diatasKO  fren  tho  aurfaco  given  hy  tho  product  of  a  trigooo- 
aatric  and  onponontial  fuactieae.  Such  uavoa,  in  c entrant  to  tho  ordinary 
Rayleigh  uavoa  which  oahihit  an  anpanantial  decay  only,  are  referred  to  an 
goaon lined  Rayleigh  unvee  [2U]. 

Treaovcrooly  taotivpic  audio  have  boon  inveotlgated  when  the  aurfaco 
la  newel  and  parallel  to  tho  direction  about  which  thaw  ia  aynnatry  of 
rotation  [))]•  la  hath  canoe,  towed  quaa* -inotropic  and  anlootroplc, 
rnapoctlvnly,  the  aurfaco  uavoa  wore  of  the  genera  11  and  Rayleigh  type.  In 
tho  aataetrepic  cane  the  eclotleoe  point  to  propagation  of  Rayleigh  uavoa 
la  specific  direct Iona  only:  however,  an  cent  lowed  latar  hy  Lin  and 
Parnell  CHS],  the  hypothetic  la  advanced  that  in  neat  direct  tone  there  ia 
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a  solution  for  damped  Rayleigh  waves. 

Considerable  work  was  performed  in  Investigating  surface  elastic  wave 
propagation  in  cubic  or  isometric  crystals.  Next  to  the  isotropic  case, 
this  crystal  system  raqulras  the  lowest  number  of  independent  elastic  con¬ 
stants,  namely  thrae.  Stoneley  [213]  showed  that,  for  synmetrlcal  cases 
(direction  of  propagation  parallel  to  or  at  an  angle  of  45°  to  the  x-axls), 
the  Rayleigh  type  wevas  exist  only  for  certain  eats  of  values  of  the  three 
elastic  constants.  The  Rayleigh  waves  in  cubic  crystals,  as  well  as  in 
other  anisotropic  solids,  remain  non-dlsperslva;  l.e. ,  the  surface-wave 
velocity  is  independent  of  frequency.  Only  in  the  limited  cases,  and  well 
beyond  present  applications  of  nlcroacoustlcs,  whan  tha  wavelength  is  com¬ 
parable  with  the  lattice  spacing  of  tha  crystal,  does  ths  surface  wave  ex¬ 
hibit  dispersion  [§9]. 

The  most  widely  used  plesoelectrlc  materials  are  tha  crystals  of 
quarts  (S102),  lithium  nlobate  (LlMbO^),  cadmium  sulphide  (CdS),  cadmium 
etilenlde  (CdSe),  and  sine  oxide  (ZnO).  The  traditional  use  of  quarts  in 
resonators  in  particular  and  in  bulk  wave  devices  in  general,  laad  to  an 
accumulation  of  considerable  background  information  on  this  material. 
IhaMrous  publications  have  also  been  nada  available  on  tha  propagation  of 
surface  elastic  waves  in  single-crystal  quarts.  Tha  propagation  of  Raylalgh 
waves  along  surfaces  other  than  ths  planas  of  symmetry  of  the  crystal  were 
Investigated  thoroughly  £73],  in  particular,  by  Coquin  and  Tlarstan  [63]. 

Lin  and  Parnell  [145]  claim  that  there  always  appears  to  bs  a  surface-wave 
solution  which  satisfies  the  free-surfaca  boundary  conditions  and  which  is 
unattenuated  in  tha  direction  of  propagation.  They  find  that  often  tha  bulk 
shear  wave  alone  will  satisfy  the  fraa-surface  boundary  conditions,  and 
that  the  resulting  surface  wave  penetrates  deeply  into  tha  bulk  and,  for 
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some  directions,  does  indeed  become  a  bulk  wave.  Also,  they  find  solutions 
for,  what  they  define,  a  pseudo-surface  wave  which  attenuates  very  slowly 
due  to  a  small  component  of  the  wave  radiating  into  the  bulk.  Such  surface 
waves  were  found  to  have  phase  velocities  greater  than  the  velocity  of  the 
corresponding  slowest  volume  wave  [78]. 

The  above  properties  of  the  propagation  of  surface  elastic  waves  in 
quartz  were  considered  without  regard  to  the  fact  that  single-crystal  quartz 
is  piezoelectric  and  that  any  mechanical  strain  in  the  material  is  accom¬ 
panied  by  an  electric  field.  Thus,  in  general,  the  solution  of  elastic 
waves  in  piezoelectric  solids  is  not  only  governed  by  the  mechanical 
equations  of  motion  but  by  the  combined  mechanical,  electrical  and  piezo¬ 
electric  relations.  In  order  to  distinguish  such  waves  from  those  due  to  a 
purely  elastic  problem,  the  acoustic  waves  in  piezoelectric  solids  are 
referred  to  as  "piezoelectric  waves"  [63]. 

The  piezoelectric  equations  for  the  most  general  case  (triclinic 
system  with  21  Independent  elastic  constants)  relate  the  mechanical  stress 
T,  strain  S,  and  electrical  field  and  displacement  E  and  D,  as  follows: 


51  *  ®11T1  +  812T2  +  813T3  +  814T4  +  8!5T5  +  8?6T6  +  dllEl  +  d21E2  +  d31E3 

52  "  ®21T1  +  822T2  +  823T3  +  ®24T4  +  ®25T5  +  ®26T6  +  d12El  +  d22E2  +  d32E3 

53  “  ®31T1  +  832T2  +  ®33T3  +  834T4  +  ®35T5  +  ®36T6  +  d13El  +  d23E2  +  d33E3 

54  =  ®41T1  +  ®42T2  +  ®43T3  +  ®44T4  +  ®45T5  +  ®46T6  +  d14El  +  d24E2  +  d34E3 

55  *  ®51T1  +  ®52T2  +  ®53T3  +  ®54T4  +  ®55T5  +  ®56T6  +  d15El  +  d25E2  +  d35E3 

56  "  ®61T1  +  ®62T2  +  ®63T3  +  ®64T4  +  ®65T5  +  ®66T6  +  d16El  +  d26E2  +  d36E3 

D1  "  dllTl  +  d12T2  +  d13T3  +  d14T4  +  d15T5  +  d16T6  +  «UE1  +  4E 2  +  4E3 

°2  “  d21Tl  +  d22T2  +  d23T3  +  d24T4  +  d25T5  +  d26T6  +  e12El  +  e22E2  +  ®23E3 

°3  "  d31Tl  +  d32T2  +  d33T3  +  d34T3  +  d35T5  +  d36T6  +  e13El  +  C23E2  +  C33E3 
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where  s 


ij  "  *jr 
or 


S  -  8ET  +  dtE 
D  -  dT  +  €TE 


(5e) 


E 

where  d£  is  the  transpose  of  the  piezoelectric-strain  matrix  d,  s  is  the 

T 

elastic  compliance  at  constant  electric  field,  and  e  is  the  dielectric 
constant  at  given  stress.  Similarly,  the  piezoelectric  relations  can  be 
expressed  as 


_  E. 

T  ■  c  S  -  efcE 

D  «  eS  +  eSE 


(6) 


g 

where  c  is  the  elastic  stiffness  at  constant  electric  field,  e  is  the 

e 

piazoelectric-stress  constant,  and  e  is  the  permittivity  at  constant  strain. 

In  quarts,  where  the  piezoelectric  coupling  is  small,  the  analysis  can 
be  separated  into  a  purely  elastic  case  and  a  residual  electrostatic  part 
determined  by  the  piezoelectric  coupling.  Coquin  and  Tiersten  [63]  discuss 
in  detail  tha  propagation  of  surface  waves  in  the  direction  of  the  x-axis 
of  a  rotated  Y-cut  quartz  and  the  rotated  y-axis  of  an  X-cut  quartz  plate. 
They  evaluate  the  "material  efficiency  factors"  as  a  function  of  tha  direc¬ 
tion  of  propagation  of  the  surface  wave.  They  find  that  for  an  X-cut  plate 
the  power-flux  vector  is  colinear  with  the  wave  propagation  in  only  a  few 
special  directions  in  the  quartz  plata,  and  only  in  one  direction  which  has 
an  efficiency  factor  comparable  with  that  of  the  rotated  Y-cut  plate.  In 
the  latter  the  propagation  direction  and  power  flux  vector  are  always 
colinear. 

Numerical  data  for  velocities,  dielectric  impermeabilities,  and  dis- 
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placement  vectors  of  acoustic  surface  waves  in  alpha-quarts  are  obtained 
[ill]  based  upon  measured  values  of  elastic  and  piesoelectric  constants  [19]. 

The  attenuation  of  surface  waves  at  frequencies  above  100  MHz  at  room 
temperature  is  Independent  of  temperature  and  varies  as  the  square  of  the 
frequency  [181]  similar  to  the  behavior  of  bulk  waves  and  of  the  same  order 
of  magnitude  (see  Fig.  3).  On  the  other  hand,  at  low  temperatures,  the 
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attenuation  varies  with  temperatures  as  T  end  linearly  with  frequency 
[150].  The  attenuation  of  surface  waves  due  to  the  radiation  of  acoustic 
energy  in  the  form  of  longitudinal  waves  into  the  surrounding  air  is 
assumed  to  be  significant  enough  [32]  to  suggest,  for  some  applications, 
the  need  for  encapsulation  of  the  device. 

The  most  efficient  material  to  date  which  has  been  utilised  for  the 
excitation  end  propagation  of  elastic  surface  wevas  is  lithium  niobete 
(LiNbOj).  It  is  a  ferroelectric  crystal  of  class  3m  and  like  many  other 
ferroelectrlcs  hes  a  very  high  piesoelectric  stress  constant  (more  than  an 
order  of  magnitude  greater  than  th<'«.  of  quarts  [116],  [245]).  The  attenua¬ 
tion  of  elastic  waves  in  LINbOj  Is  considerably  lower  than  in  quarts;  for 
frequencies  in  the  range  of  1  to  9  GHs  the  losses  In  sheer  waves  were  found 
to  be  proportional  to  tha  square  of  the  frequency  and  aemeidiat  higher  than 
for  longitudinal  waves  (at  1  GHs  they  were  less  than  1  db/u  sec  for  shear 
end  less  then  0.3  db/ji  sec  for  the  longitudinal  waves  [200],  [92]).  For 
surface  waves  at  1  GHs,  the  attenuation  was  found  to  be  1.63  db/u  sec  for 
the  propagation  along  the  s-axls  on  a  Y-cut  crystal  [193],  and  to  have  s 
strong  temperature  dependence  [44]. 

The  thermal  expansion  of  lithium  nlobate  is  of  the  same  order  of 
magnitude,  though  slightly  higher,  then  quarts  [124].  (In  terms  of  thermal 
expansion,  the  best  substrate  material  is  nonplesoelectrlc  fused  quarts.) 
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km  wutlltnt  ittkitriu  MttrUI  ••  Ur  mm  ottoaaotloa  mt  hlfh  froywoacloo  to 
c oacorooi  to  oopphtro  'Ui), 

la  iMIHm  to  tho  trlpoaol  cry*tolo  y«orto  oai  ltthloa  »t«kM«,  tho 
•Nt  otioly  oooi  aotorloU  lor  •Icroxontlc  iovtcoo  oro  tho  ■—!(— OoHi«n 
nosofoaol  cryitol*  coOotua  owlphlio,  coiotoa  ooloatOo,  oai  aloe  eoMo.  Tho 
ptwyof  tloo  #1  tlutU  oorfoco  wm  am  tho  hoool  floor  of  owch  rryatolo 
tor*  lavatt Igotoi  hy  Tooay  oai  Whitt  it*}.  fhoy  (lai  that  lo  tho  cooo  of 
OM  oai  Oil*,  oh Ich  euhlhlt  rolot Italy  loo  plocoaloctrlc  coopltay*  tho 
•or  loco  oovao  oro  •loiter  to  thooo  oh  olaoi  la  troooooroaly  loot  toy  It  (aoa- 
y  to  io«  lot  trie)  aoiU  Cl)).  Oa  tho  ot'ior  hoai,  for  Ui,  oh  I  eh  hoo  too- 
•  Morohly  hl^ior  ptooooloctrlc  coryll*,  tho  oorfoco  mm*  ora  of  tho 
•oooraltaoi  Boylol«h  typo  (ill),  SlotUr  rooolta  of  proye yet  loo  of  |M* 
orollooi  tayloiyh  oaooo  oora  ahtolaoi  fur  tho  forvaaloctric  looi-t  Itoooto 
oftrcooota  (IKT*4)  yoloi  to  tho  ilractioo  aoroal  to  tho  oorfoco  (HI). 

Iho  yrarailoB  itocaootwa  of  tho  prayoyotloa  of  ocoootlc  oaooo  oao  hoooi 
oa  ooalytlcal  oolotloao  oh lth  oora  eh' olaoi  hy  tho  ayyl  loot  loo  of  hosiery 
oalao  yrahleao  to  alootle  oaooo  la  to  Mo.  Not  oai  tho  tho  oloctraoatootlc 
olcraooaoo,  tho  yaMoi  ocoootlc  oooao  coo  ha  trootoi  hy  aothoio  of  aotoorh 
oaalyolo.  Noth  tochalyooo  oora  rooootly  yrayoooi  ooi  oyyoor  to  ho  *rtto 
affoctlva  la  iortaloi  tho  proyortloe  of  alootlc  oooao  la  ootlio  [til]. 

Wooooroi  ooi  colcolotai  aolooo  of  oorfoco  oooo  aolocltloa  of  ooay  ooo- 
fol  laoolotoro  ooi  oao Icaoioe tore  lo  plvao  lo  a  abort  payor  [MO]  oh lch 
oosorlooo  tho  rooolta  report  oi  hy  a  nahor  of  ro  poor  eh  oro. 


V.  of  tintl  >  m»t» 

f*m«i  wtlmlt  *t  m  «f  «•<«»  on  (<mw> 

ri**«tt*ilrU)  iiAilriltt  ft*%*  to#r  f«f  *  tilt*  »«***. 

fl*.  4,  /M],  Tto*  (owM  Mt4#«t  t4i  I*  ij^Udiliwt  t» 

(••tlttt  mt)  I*  4  limited  lorn  I*  I to  4*»U«  «l  l<e«ilt(  4*l*»  I »**• 

I*  IH*  |«tt«r  (AM,  III*  *41  wMl«t  ft*«H*l«  *1  t*«rn  Is*  VMt  thM* 
nt tilting  tto  («*IU«  itrudwi*  4«mI  t)t#  wH|*.  tto  lornor  r**«lia  In  I 
•or*  iMlilfH  M  **rr*M*to*4  4«vlc*  (frivIM  il«  ooctontcol  <  «• 

ill*  lukitritt  I*  M|S)  iMlt  lit*  Uti*r  *4 1 ,  in  pflnctpt*,  to  *»t*4  with 
vUfliM  *l«n*lt,  Tli*  of  th#  w*4f»  ir«n«4*  r  4*t w«4a  prlmrlW 

••  tli*  MMvMili  •(  ill*  4rivlng  twttiiilMAt  or  *to#r  f»l*t«*l*ctrlc  tr«*tol 
plot*.  Tli*  mm  *f  *  («*  iraa*4«<«r  In  conduction  villi  *n  X*cmi  guortc 
flat*  mm  «Mf>l*T«4  t*  t*n*r*i*  ourfoc*  twm  at  X  Mil,  which 
t*  lit*  p*rlo4  *t  ih*  coo*  •trwciur*,  an*  *t  tto  m<m4  on4  thlr4  Mn*nki 
(10  «Ml  fO  Mil)  (?).  An  un*«p*c;*4  4«cr****  (of  otowt  M4I)  of  lit*  t*#rf*c«* 
mm  tot  *n*  tty  mm  ototn>*4  with  tK*  r*4uctlon  of  i*af*r«iwt.  Pit*  4*cr*oo* 
I*  our  1 0*1*4  to  to*  Mlf4if  lent  Ion  of  o«i*t«r*  ot  tto  contact*  toiooon  tto 
<o*A  an4  tto  robot  rot*  (fo**4  r*4«tiit|  tto  ««{Htftl(il  coupling 

WtOMA  I  Mai. 

Pi*  ob**«  tteholgu**  involv*  th*  *#»  of  conpr***lon*t  or  gto*r  mm 
trono4oc*r*.  A  *#tho4  of  4tr*ct  tr*n*4vctlon  of  »«rf«(«  ***••  utlllt** 
otroctwrog  ahfett  or*  c«ofotlOI*  with  current  nfcroclrcutt  f*brl.  at  ion 
t*chnlfo*«  o*4  .ton  to  opplt*4  for  high  •Ignol*  •}.  It  (MUliii 

of  o  pt*ie*t*mie  ttoi  Mr  otth  It*  onilr*  Ml  ion  cool *4  aiih  «  notalltc 
•l*ctro4*  on4  on  top  ot  (to  tor,  along  MMcti  th*  *wrfo<*  moo*  I*  to  to 
propoAoto4»  on  array  ot  fonllti  rwtol  iiriyt  4*peolt*4  oi  IMimti  **uol 
to  tto  Movoloncth  of  (to  acoustic  turfac*  mm,  fig.  Vo, 
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pUmu 


•  coftlU*  Mmtwt 
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.  i  •  Direct  MtMl  of  Excitation  of  torfaco  Acowttlc 

(a)  Sta§la*ftoaa  array 
CD)  Atcamata-fMao  array 
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4  but  Mr*  nlltlNi,  of  4irM  MctUltca  of  otoottc 

wU»#  «mv*«  n  plriwImrU  Mkiinui  mi  *4«*Im4  Hy  ociltria*  oa 
lator4i<ltoto4  •(rwctwr*  of  4oyootc*4  tUtiroMt  FI*.  2o.  to  (Mi 

(ruilu  rr  tHo  muI  itrif*  «r«  MHntW  Hy  mm  h!(  of  th#  ocooottc 
Mvtlfi^ik,  viih  tt»*  lUtraii*  uriyi  cooaocto*  oloctrtrolty  I*  finltot. 
tor  «mi  It  «4ulM  i*m  (M  *14tH  of  ill*  *loctro4oo 

I*  (ftil  to  tHo  oportnf  l«t*o*ii  IKom  (D).  for  ooot  aotortoto  «Ho  oorfoco* 
«ovo  ootocity  to  to  I  Ho  roaoo  of  2  to  4  ■  10*  ca/ooc. ,  *HlcH  OK  o  frifoory 
of  100  NMf.  glm  *ovo loot! Ho  of  oHovt  0.1  to  2  *11*  (I  oft  •  0  001  lath). 

THo  roootutloo  rofvtro*  la  tHo  ftkrlutlco  of  *lortro4o*  vltH  «l4tl»*  oa4 
•ofimlM  ofuol  lo  a  froctloa  of  o  oil  coaaot  Ho  oHtalao*  Hy  cooooatlooot 
ooiHoio  of  viewa  O^yooltloo  of  aotoU,  oaf  rofulroo  tHo  woo  of  yHoto* 
r  oo  lot  tocHalf***  cur  root  ly  oaf  loyo4  la  ottrot'mU  Ooolfo.  For  oorfooo* 
«o*o  4o*lcoe  oforoita*  la  (Ho  roof*  of  t  do  oa*  Hlftoor,  tHo  roqotro* 
roooloctoa  caaaat  Ho  oH«ota*4  Hy  oaf oola*  tHo  ptootoraolot  patcora  to  oioIHlo, 
o*<H  oo  *rooo,  or  «lcro-*tolot  llfHc.  To  oHtala  cooioctU*  ttaoo  ooooral 
tHooooa*  aagotroao  *14o,  tHo  trooo4*nro  Ho*o  Hooo  foHrlooto*  Hy  oafooia* 
tHo  fHotoroolot  to  oa  olootroa  Hoao  la  ocoaao*  olottroa  olcrootofo  [22]. 
ftltHo**H  ooooaHoc  looo  offlctoot  Hat  otlll  ootto  of foci l*o  lo  tHo  o»o  of  oa 
taior* lotto!  oorfoco****  troaoOoror  ot  *44  latofrol  aattlfloo  of  Ito 
teaioaootol  frofooacy  [224],  [192]. 

4  eoafroHoaotvo  oaolytlrol  t root root  of  tHo  oar I tot  loo  of  oorfoco 
*a*oo  oa  foarto  Hoo  Hooa  royorto*  Hy  <o**lo  oa*  T tor* too  [!!}.  to  tHoIr 
aotHoi  tHo  offocte  ot  tHo  aotorlol,  do  otoctro4o  <o*fi*w«ttoa  oa i  tHo 
oloctrlcol  tovotaotto*  oro  ooporoto*  iota  tHroo  4 lot I art  poroaotoro.  tow, 
tHoy  oro  oHlo  to  oHoa  tHot  tHo  offoct  froaooo  of  tHo  oltoraoto*pHaoo  or 
tator4l*ltol  array,  FI*.  SH,  to  ooro  .Haa  oa  or4*r  ot  ao*alt«4o  trootor  tHoa 
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foe  th*  irrijr  vim  a  Udiat  electrode,  rt|.  V*  tallU  mt 

cam  of  lMtr4i|tut«4  tl«tr«4«  iirudvrii,  im  off  uwb  vtlU  of  *h« 
electrode*  la  o  *lotl*>ph*M  orro?  1*  l«ti  (His  on  tooth  of  thotr  Mporotlon 
vhtm  to  4fo!  to  the  lurfiic  acoustic  MnltnjtK  «;  eh#  rnosaet  frcfoary 
of  th*  tria*4v(*r.  A  100  MM*  dolor  lino  on  TX  overt*  vtlliilai  •  fotr  of 
tacerdtcttol  trooodocoro  mi  4«iI|in4  *«4  ohoon  to  hove  m  Inoorttoo  loo* 
of  lOdh,  -VM>  MnfvUm  of  M  Mil,  m4  «  •  fur  lout  echo  rejection  of  ZWV 
(H). 

to  Addle  too  to  th*  chorooch  analytlcel  trootaeot  of  surfoce-mve 
ooclcottoo  to  forti  hr  Cofolo  oo 4  Ttoroton  D),  o  ouvfcor  of  poporo  (root 
(ho  prohtm  of  trooodocetoo  of  otirfoc*  wives  hr  ooooa  of  tot*rdUlt*l 
electrode  otroctoroo  tl}l)«  (tlOj,  [2)1].  An  eaoct  trootooot  of  th*  ooctto* 
(too  to  plocMlectrlc  crroiolo  rofolroo  o  solution  fhtch  ootUfto*  th* 
ftoMolocirtc  ro  lot  too*  oo  ft  von  to  Co*  S  and  t.  too*  for  aotorlolo  vtth 
otof  1*  crjrotol  ipotrf  ooch  trootooot  <00  M  prohibit lvely  coop loo.  Th* 
oothed*  adopted  hr  Cofwto  oof  Ttoroton  ood  Jeoht  oof  UMto  [iKf]  or* 

to  ooforoto  th*  oloctrtc  ood  clootie  oolotlono  hr  ooounlnn  nook  ptoso* 
oloctrtc  coop llot*  ohtch  to  mil  joottfiod  tor  tho  com  of  Mtorlol*  trith 
loo  coop  Hob  cooff  tetoot  ooch  oo  turn  ood  cedotm  oolphtdo.  Copula  ood 
Tlorotoo  th)]  flrot  oolv*  for  th*  porctcl*  d  top  lot  moot  hr  no* lectio*  th* 
ptoomloctrlc  cofll;-4,  ood  thoo  00*  tt  to  oolv*  0  forced  oloctrooto'lc 
pro* loo  oh Do  Jeoht  ood  Mhlt*  [120 )  proceed  to  tho  rover**.  Th*  lot tor 
dole  that  choir  tochotfoo  load*  oor*  rood  11?  to  00  o^otrolooc  ctrcotc  for 
tho  trooodotor  ood  closed* for*  oopreovloo*  for  tNi  frofnoocp  roopoooo  rf  tho 
tremducor.  Tooob  [22h]  treat*  the  p  ehloa  hr  ooomtnt  00  1  do*  It  to* 
oloctrtc  field  dlotrlhottoo  at  th*  surface  oho  rota  the  toofoottol  fiold  to 
coootoot  hotoooo  tho  ol act redo*  ood  Mr*  oc  th*  oloctrodo*  ood  tho  oorool 
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<1*14  !•  «Ut>  M  ia  IM  affMlu  ••••«/,  !.•.«  coaaiaal  at  (M 

•lattraMi  «ra  almitaTf. 

fine*  lit*  it mii It  iwvt  MflltdM  of  (hi  nrlm  ipatlal  MnwaUi  if 
(hi  (wimaul  inaNwir  pirlol  iri  prcforl imiI  (•  tin  MrmywHn 
foarfar  m fmm  if  tin  ilMirlt  fliU  ^latrlMln,  (Hi  Uitir  cm  hi 
mi  io  iiaiv  (hi  frafmey  niyw •(  (hi  traaaiacit  (M). 

:v  UN  •(  (hU  «|kN  Mi  (hi  ifffMUK  IN  la  (hi  ahap*  •(  thl 
•liter ti  flili  appear*  fitu  mill  la  aaa  1  pa  lag  vartawa  iiminifi,  fir 
•Mflt,  chi  tnyiacy  mfMN  if  a  lag  •pari  idle  triariwcir  far  a  hraa4- 
haa 4  iil«y  llaa  caa  hi  ahtalaai  hp  caking  cha  fair tat  craaafara  if  tha 
akin  M<ac  laaai  appraalaat  lia  ta  cha  alactrlc  ft*  14  41atrlh«t  taa  aa4  la 
■haa a  ti  agraa  gain  nil  with  ngi rlaaacal  raaalta  (IM). 

Tha  character  lit  lea  if  aa  tatarilgltal  aarfara  wa  crania  nr  have 
haa*  ateilei  hp  gaith  at  at  (Ml),  (2W),  aalag  aa  agi(  iliac  clrcalc  aatfal. 
Thap  id  llaa  a  thraa  pare  alactr— rhaalaal  agelvalaac  circa  It  far  a  place- 
ataccrtc  crvatal  hp  Maaaa  [Ill],  (IT),  ta  repraeeat  aaa  parleilc  aactlaa  at 
tha  laterilgltal  traaa4acar  aai  ahtata  a  aaa  ilaaaalaaal  aa4al  af  tha 
aattra  acructara  Mat  aatlha  Taaag  [Ml],  gaith  ievalep*  tha  Maaaa  agate*- 
laat  clrcalc  hp  aalag  tha  *  la- llaa*1  ar  taagaatlal  aai  "eraaaai-fteli*'  ar 
canal  a  lie  trie  flali  aggraalaatftaaa.  Thla  clrcalc  aggraaih  ia  tha  aaalyata 
•f  aarfaia  aava  traaaiarara  aaa  ahaaa  hp  gaith  aai  athar  tee*  cr  theta  at  tha 
V.  h.  gaaaaa  Laharatarlaa  at  taafari  galaaraltp  ta  give  aatlafactarp  agree- 
aaat  etth  eap*rta**cal  raaalta  [!•»]•  (90). 

Mhlla  tha  aaalptlaal  traataaat  af  tha  aarfata  »aw  traaaiacar  ragalraa 
tha  aaaaagtlaa  af  weak  glaaaalactrlc  ceepltag,  tha  aaat  at  tic  laat  aai  thee 
aaa  fat  traaaiacara  era  theee  atlllalag  plaaaaiactrlc  aatarlala  with  carp 
high  caafllag  each  aa  1 1th  In  alabata  (LtflbOj),  a  lac  aalia  (1*0)  aai  harln 


kodluB  siobete  Oe^RaMb^O^)  [244].  A  vary  effective  and  relatively  staple 
aethod  of  determining  the  electroaechanicel  coupling  in  such  Materials  ms 
developed  by  Ceng bill  end  Jones  [40],  who  showed  that  the  efficiency  of 
coupling  can  be  related  to  e  change  in  velocity  of  a  piesoelectrlc  surface 
wave  which  occur#  when  an  ideal,  infinitely  th's.  conductor  is  placed  on  the 
surface  supporting  the  surface  wave  propagation.  These  two  conditions  of 
the  free  surface,  l.e.,  with  end  without  a  conducting  boundary  can  be 
treated  quite  easily  end  Canpbell  end  Jones  proceeded  to  evaluate  the 
optima  crystal  cuts  end  direction  of  propagation  of  surface  waves  in  tne 
csss  of  lithluM  niobate.  The  conclusions  of  the  analytical  treatnent  by 
Canpbell  end  Jonas,  which  indicate  that  the  optlaun  performance  la  obtained 
for  e  Y-cut  crystal  of  LlMbO^  with  the  surface-wave  propagating  in  the  Z- 
di section,  have  been  verified  ecperinentally  by  Collins,  Cererd  end  Shaw 
[5b]  who  constructed  a  100  Mis  daisy  line  with  -3db  bandwidth  of  24  MHs  end 
an  insertion  loss  of  11.5db.  More  recent  studies  suggest  e  sonewhat  diffe¬ 
rent  cut  for  optlaun  performance  [197]. 

Surface  acoustic  waves  can  also  be  generated  by  conversion  fron  bulk 
waves.  As  Mentioned  earlier,  this  technique  was  utilised  in  the  wedge 
transducer.  Pig.  4  [238].  The  nain  disadvantages  of  this  technique  ere  the 
need  for  e  Material  with  a  velocity  of  propagation  of  the  bulk  wave  to  be 
loss  than  the  surface  wave  velocity  in  the  substrate  over  which  the  surface 
elastic  wave  is  propagated.  This  restriction  results  in  a  severe  llaltetlon 
of  available  naterisls  nost  of  which  exhibit  high  losses  due  to  the  attenua¬ 
tion  of  the  bulk  waves.  Also,  the  need  for  e  proper  Mechanical  coupling  of 
the  wedge  to  the  substrate  which  is  best  ecconplished  through  a  thin  film 
of  e  liquid  nakes  this  nethod  of  surface  wave  generation  cumbersome  and  la 
prohibitively  conpllceted  in  nlcrostructures.  Two  Methods  of  generation  of 
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surface  elastic  waves  by  conversion  from  bulk  acoustic  waves  have  been  pro¬ 
posed  which  do  not  require  the  use  of  a  separate  wedge.  One  of  these 
utilizes  a  corrugated  surface  capable  of  converting  bulk  longitudinal  and 
shear  waves  into  surface  waves  and  vice  versa  [105].  The  use  of  asynmetrlcal 
teeth  in  the  corrugations  results  in  a  directional  transducer  diminishing 
the  usual  loss  of  3db  encountered  in  nearly  all  conventional  surface-wave 
transducers.  This  method  of  surface-wave  excitation  can  be  applied  in 
materials  which  are  not  piezoelectric.  Another  method  of  excitation  of 
Rayleigh  waves  has  been  proposed  which  utilizes  the  scattering  of  bulk  waves 
from  metallic  strips  deposited  on  the  surface  of  a  piezoelectric  crystal  [25]. 

All  of  the  above  methods  of  excitation  of  surface  elastic  waves  can  be 
applied  to  the  detection  of  such  waves  as  well.  The  reciprocal  theory  in 
elasticity  ([149]  page  173),  has  been  used  to  show  the  reciprocity  for  a 
piezoelectric  transducer  [63]. 

A  method  of  excitation  of  surface  elastic  waves  which  cannot  be  used 
readily  for  detection,  utilizes  transient  heating  of  a  very  thin  film  of 
aluminum  [143].  The  rapid  heating  of  the  surface  obtained  by  means  of  a 
laser  beam,  produces  tempsrature  gradients  and  thermal  expansion  which,  due 
to  the  generated  stresses  In  the  solid,  produces  elastic  waves.  This  method 
of  generation  has  the  advantage  of  being  applicable  to  nonplezoelectrlc 
solid  as  well. 

Still  another  method  of  excitation  is  by  mssns  of  the  magneto-strictive 
effect.  Surface  elastic  waves  were  generated  on  an  yttrium  iron  garnet 
plate  in  a  static  magnetic  field  by  passing  sn  rf  current  through  an  evap¬ 
orated  aluminum  meander  line  to  produce  a  spatially  periodic  rf  magnetic 
field  at  the  surface  of  the  crystal  [241]. 

A  mechanically  movable  transducer  can  be  obtained  by  fabricating  an 
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interdigital  transducer  on  a  nonpiezoelectric  substrate  and  placing  it  next 
to  a  piezoelectric  crystal  [248].  The  electric  field  produced  by  the  inter¬ 
digital  array  extends  far  enough  into  the  piezoelectric  material  to  provide 
sufficient  piezoelectric  coupling.  When  compared  with  a  transducer  fabri¬ 
cated  directly  on  the  piezoelectric  substrate,  the  movable  structure  on  YZ 
lithium  niobate  was  found  to  have  an  additional  insertion  loss  of  14db  or 
less  [158].  (YZ  lithium  niobate  designates  a  Y-cut  crystal  with  the  elastic 
wave  propagating  in  the  direction  of  the  z-axis  of  the  crystal). 

In  order  to  generate  elastic  surface  waves  on  a  nonpiezoelectric 
structure  a  modification  of  the  interdigital  array  called  the  "hybrid" 
transducer  has  been  developed  [233].  It  consists  of  a  small  piece  of  single 
crystal  piezoelectric  material  placed  on  top  of  the  nonpiezoelectric  sub¬ 
strate  with  the  electrode  array  deposited  on  either  one.  The  mechanical 
coupling  between  the  two  surfaces  is  provided  by  a  varied  selection  of 
liquids  or  solids  such  as  ethyl  alcohol  and  phenyl  benzoate,  respectively. 

A  number  of  transduction  techniques  have  been  investigated  which  can 
be  utilized  to  only  detect  the  elastic  surface  wave.  It  consists  of  a 
narrow  conductor  deposited  on  the  wave-carrying  substrate  with  a  steady 
magnetic  field  applied  perpendicular  to  both  the  substrate  and  the  conduct¬ 
ing  strip.  The  latter  moves  with  the  mechanical  wave  and  causes  an  elec¬ 
tromotive  force  in  the  conductor  [190].  This  method  of  surface-wave 
detection  is  applicable  to  any  nonpiezoelectric  substrate.  Although  the 
device  is  very  simple  to  fabricate  and  can  be  conveniently  applied  in  the 
design  of  multiple-tap  delay  lines,  it  major  disadvantages  are  the  need  for 
a  magnetic  field  and  poor  sensitivity  which  is  at  least  two  orders  of 
magnitude  smaller  than  a  corresponding  single-pair  transducer  on  a  piezo¬ 
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The  electric  f  le Ids  assoc iated  with  a  propagating  elaatlc  wave  on  the 
aurface  of  a  piezoelectric  have  been  uaed  to  control  the  electron  emission 
from  a  photoemlsslve  surface  placed  on  a  piezoelectric  substrate.  This 
method  permits  the  visualization  of  the  elastic  surface  strains  as  well  as 
a  detection  series*  for  elastic  surface  waves  [26]. 

A  scheme  of  detection  of  elastic  surface  waves  which  also  provides  for 
the  feature  of  an  electronically  variable  delay  line  Is  contained  In  the 
electron  beam  sensing  of  surface  waves  [80].  The  Mthod  Is  based  on  the 
modulation  of  secondary  emission  of  electrons  frost  a  piezoelectric  sub¬ 
strate  by  the  electric  field  and  charge  distribution  arising  from  the  strain 
wave.  In  addition,  due  to  nonlinearities  Inherent  in  the  secondary 
emission  procsss,  the  detected  signal  has  the  form  of  the  envelope  of  the 
propagated  r-f  signal. 

The  detection  and  visualisation  of  slastlc  surface  waves  has  been 
obtained  by  using  the  scattering  of  light  from  the  surface  perturbations 
[128],  [A],  Since  the  surface  acoustic  wav*  Is  confined  to  a  narrow  region 
near  the  surface,  the  Raman-Nath  type  of  scattering  has  been  effectively 
utilized  to  observe  and  measure  elestlc  surface  waves  [114],  [130].  These 
techniques  follow  the  field  of  extensive  use  of  light  Interaction  with 
volume  elastic  waves.  An  excellent  discussion  on  this  subject  Is  given  by 
R.  Adler  In  a  review  article  In  the  IEEE  Spe<  trum  of  May  1967. 


VI.  Amplification  of  Elastic  Surface  Waves 

In  piezoelectric  crystals  the  propagating  elastic  wave  produces  a 
longitudinal  electrostatic  field.  If  the  piezoelectric  solid  is  also 
conducting,  the  interaction  of  these  properties  can  affect  the  velocity 
and  attenuation  of  the  acoustic  wave.  A  linear  theory  of  elastic  wave 
propagation  in  piezoelectric  semiconductors  has  been  first  proposed  by 
Hutson  and  White  [108],  which  considers  the  effects  of  drift,  diffusion  and 
trapping  of  mobile  charge  carriers  as  they  interact  with  the  longitudinal 
electric  field  produced  by  the  acoustic  wave.  The  attenuation  of  acoustic 
waves  has  also  been  obtained  by  applying  an  external  drift  field  in  the 
direction  of  wave  propagation.  For  electric  fields  which  cause  the  carriers 
t>  drift  faster  than  the  sound  velocity,  the  attentuatlon  becomes  negative 
or  the  acoustic  wave  can  be  amplified  [107],  [249].  The  material  most 
widely  used  is  the  piezoelecti  ic  semiconductor  CdS .  An  excellent  review  of 
acoustic  wave  amplification  in  piezoelectric  semiconductors  is  given  by 
McFee,  one  of  the  original  contributors  in  the  study  of  this  phenomenon  [161]. 

The  amplification  of  surface  elastic  waves  in  single  crystal  CdS  was 
first  reported  by  White  and  Voltsier  in  1966  [233],  [231].  To  reduce  losses 
due  to  the  heating  of  the  crystal  the  electric  field  wns  applied  in  the 
form  of  pulses  and  the  conductivity  was  limited  to  the  surface  layer  only 
using  doping  or  illumination.  A  method  of  surface-wave  amplification  which 
separates  the  need  for  semiconducting  and  piezoelectric  characteristics  of 
the  crystal  has  been  first  proposed  by  Culyaev  and  Pustovolt  [93].  In  this 
scheme  a  semiconductor  thin  plate  is  placed  on  a  piezoelectric  crystal. 

The  electric  field  associated  with  the  elastic  wave  through  the  piezoelectric 
effect  penetrates  the  semiconductor  and  provides  the  siechanism  of  inter¬ 
action  of  the  acoustic  wave  with  the  drifting  carriers  in  the  semiconductor . 
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The  iwr(«(#i«vc  acowidc  Mflliltr  Mint  Mfinu  m4U  fee  tht  ae»i* 
conductor  ami  ^UimIkuU  wee  n^  rlanul)]*  mltlW  vuk  ••tTV*  aarmamim 
«•  i  RT  (fraslc  '2if  am 4  with  mm  »>*t \pa  atllcw  am  XI  UcMaaa  atefcace  [W]. 
In  tlw  Utter,  a  mat  tartlail  pale  «•(  14%  «a  rep arced,  la  n4at  «•  ra4»<a 
the  drift  power  la  the  aeelcaMattai,  a  thta  Ilia  at  a*typa  elllcea  traa 
rpitaaiallv  am  sapphire  wa  ahoaaa  capable  ef  wtlllalat  Of  alaaala  ami  pro* 
vldfn*  aec  electronic  sal  a  ep  to  a  frapaacv  at  I  CPa  (1)1)  A  dtacwealea 
oa  the  aerlca  at  a  aeparate  adla  amplifier  (MA)  with  a  ahert  aaalpala 
are  glvea  fa  a  paper  %f  lakia  ami  f haw  (  1)3] . 
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fcrf>M  KOMIU  W«M  COB  fe»  |«>M  alNig  fTtMTlM  0*llM  kick 
wwfwtXw  ara  mln>M  to  alactraaagaatic  i>i4n  ucoi  la  dc»MM  »•»*- 
grata*  circuits.  fcwm ,  ilact  Uk  velocity  of  yregsyattoa  of  acoustic 
mwi  to  oo  auck  aaailer  <1©  (laii)  tku  an  deatraaagastlc  caw  of  tka 
aaao  fregueary,  tit  llattiloca  of  surface  acoustic  guiaae  kecoae  cougar  ak  It 
vita  prtacat  aloctroaSc  alcroclrcolcs.  lb  gwlilag  of  acoustic  surf  sea 
waves  la  asst  affect  I valy  aetaiasi  oy  ottllslat  tlia  ttl.se  [inf]*  [»>). 

Ibo  tyyaa  of  gulieo  law  km  uso4  wktek  ora  kaewa  a*  tb  atrip  as*  Ha 
slot  gutice.  Ib  strip  gsiis  coaatsta  of  a  tkla  fit*  of  astarlal  aitk  aa 
scoasttc  surfaaa  ww  salacity  vktcfc  is  lunar  tkaa  tlar  of  tka  ecketrate 
Mi  tb  Vila  la  sati  to  loai  tb  sukatrata.  As  a  ratal t  of  tkla  losing* 
aa  taflalta  aaakor  of  onrfaca  aaaaa  la  yssslkls  all  of  vktefc  ara  itayorsivo* 
wttk  aa  lot  It  las  aklck  ara  loaar  tkar  tka  kaylalgk  wlocity  of  tka  sakstrata. 
Tkorofore,  just  as  tka  coaaaatloaal  Kaylolgk  wave  Is  aoaflaoi  to  tka  sarfaca 
of  a  saal-taflatta  solti  kssaaaa  Its  velocity  la  loaar  tkaa  tkat  of  tka  kulk 
aaaaa,  so  4o*a  tka  surfaaa  isms  raw*  to  conflaai  Mostly  to  tka  area  of  tka 
Atyesitoi  tkla  fISa.  Iks  slot  gvli#,  aa  tka  otkar  ksai*  util  Isas  aster lots 
aklck  atlffaa  tka  sukatrata;  ckas*  a  tkla  flla  of  susk  aatarlal  Is  Asywattoi 
svaryukara  kat  uksr*  It  ta  seetrei  to  kave  tka  sarfaca  acoustic  save  coafiasi. 
Tka  salacity  at  tka  surfaca  waaa  guises  b  a  slot  la  coaaageattly  slightly 
klgkar  tkaa  tka  Raylslgk  velocity  af  tka  sakatrata.  Tka  aoet  tkorougk 
aaalyala  te  iata  aa  alaatlc  awrfact  wares  gutiei  ky  tkla  f lias  Is  tkat  ky 
Tlarataa  [til],  la  kla  gayer  Tlarataa  tflscaasas  strip  gulias  foraai  ky 
goli  1 1 las  oa  faaai  silica  aai  aloe  gulios  aaia  of  alualaua  filar  oo  T-40 
glsaa  aukatratsa.  Ttarataa'a  tkaoratlcal  traatarat  locluiac  solutloas  of 
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Uw  **4  SftM*  *4sr  MkUh  uUt  to  (bit  film  itmctmi,  Mi 
(Mfllbl  of  OMrtf  botwoo  oijMMl  twfoco  MM|aiiM.  A  nmMMI  iiffnoot 

4Ml)fttC«|  AfftOKb  M  Mill  M  MfOTtMOUi  rmlU  of  OUtf  |«tiM  C««llll«i 
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VI 1 1  Ac  akKU  Syrtacc-Mw  Filter* 


TW  rtfrditcnrM  ot  the  Interdlgltal  transducer  ii  ^rwriiy  to 
the  fact  (Ml.  to  4  (tun  (rc^wncjr  range,  (he  trsnsdect lorn  of  electro¬ 
acoustic  energy  to  «4ch  rltwaul  (rMifudf,  consisting  of  O At  pair  of 
elnir  4t»,  add  cjh^rcotty,  Ai  ttttti,  (he  htrrdi|iUl  trMtfuctr  Mtl  41 
4  filler.  A*  indicated  earlier  to  the  discussion  on  miutloa 

«n4  detect  too  of  acoustic  iurl*(«  wm»,  IM  Uur4l|lul  (rtiufucrr  con 
he  designed  with  varying  pertodltlty  in  the  electrode  array. 

The  structure  of  the  interdlgltal  surface  Mve  transducer  was  used  hy 
researcher*  4(  (he  cenith  flsdto  Corporal  Ion  to  design  a  bandpass  filter  to 
he  used  In  a  television  IF  amplifier.  They  have  shown  that  an  econontcally 
compatible  filler  can  he  fabricated  hy  using  a  FZT  substrata,  and,  by 
proper  design  of  each  filter  and  hy  cascading  three  each  ftltera,  an  an* 
filfier  which  fulfills  nost  of  the  specif ications  for  a  color  television 
IF  bandpass  can  be  obtained  (74). 

In  addition  to  4  variation  In  the  periodicity  of  an  Interdlgltal  trans¬ 
ducer  it  la  possible  to  control  the  amplitude  response  of  an  acouatlc  am  face* 
wave  device  by  varyl  tg  the  length  of  the  metallic  electrodes.  It  was  Indicated 
earlier  that  the  amplitude  vs  frequency  response  of  an  interdlgltal  transducer 
can  be  related  directly  to  the  field  distribution  at  the  transducer  [79], 

[IM].  Thus,  by  using  appropriate  variation  of  the  electrode  lengths,  band¬ 
pass  characteristics  of  a  surface-wave  delay  line  were  synthesised  [102]; 
e  g. ,  using  an  Interdlgltal  transducer  with  electrode  lengths  varying  as 
atn  x/x,  a  nearly  uniform  amplitude  vs  frequency  response  was  obtained  [101]. 

In  addition  to  variation  of  periodicity  and  length  of  electrodes,  the 
interdlgltal  surface-wave  transducer  can  be  modulated  by  phase  coding 
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of  adjacent  tltcirof*  Hln.  A  mrfacfwvt  filter  ntk  atrrov  correlation 
f  met  loo  «ai  with  uniformly  no)  <  side lobes  mu  4«;  igned  using  the  barber 
code  [2)4},  To  facilitate  the  polarity  Inversion  of  Adjacent  electrode 
ye  ire,  a  Modified  structure  of  the  Interdlgital  transducer  has  been  developed 
by  U»itehouse  £255}  which  utilises  an  additional  electrode. 

If  the  input  and  output  Interdigital  transducers  of  varying  periodicity 
are  fabricated  on  the  substrate  In  such  a  way  that  the  tnterelectrode  spacing* 
vary  In  the  opposite  sense,  then  the  norm! ly  nondlsperslve  device  become  a 
dispersive  delay  line.  Dispersive  delay  lines  can  be  used  for  pulse  coo- 
press  Ion  and  expansion  in  Chirp  radars.  The  effectiveness  of  a  pulse  com¬ 
pression  filter,  as  Measured  by  the  coMpression  ratio,  depends  on  the  tine 
delay  and  the  bandwidth  of  the  device.  TV  flexibility  In  the  deeign  of  a 
dispersive  stwface-weve  device  ashes  its  application  to  pulse  coapresslon 
filters  very  desirable  (30),  [Sf],  [104]. 
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Another  type  of  surface  wave,  which,  analogous  to  the  Rayleigh  wave, 
decays  exponentially  with  depth  fro*  the  surface.  Is  the  Love  wave.  The 
Love  wave  node  consists  of  particle  notion  which  is  in  the  plane  of  the 
surface  and  perpendicular  to  the  direction  of  propagation  of  the  wave. 

It  Is  generated  only  tdien  the  sukrtrate  is  covered  with  a  thin  fllai  of 
another  solid  Material,  the  thickness  of  the  fibs  being  considerably 
saaller  than  the  wavelength  of  the  Love  wave.  Love  waves,  unlike  the 
Rayleigh  wave,  are  always  dispersive. 

The  excitation  of  Love  waves  is  accomplished  by  means  of  an  inter* 
digital  transducer.  An  effective  technique  of  excitation  and  detection 
of  Love  waves  is  to  fabricate  the  Interdlgltal  electrode  structure  in  the 
Interface  between  the  substrate  and  the  film  (154).  Other  techniques 
include  the  wedge  type  transducer  and  bonding  of  shear  transverse  trans¬ 
ducers  to  the  substrate  ( 137) .  (224). 

Love  wave  dispersive  delay  lines  arc  characterised  by  good  linearity 
of  the  group  delay  vs  frequency  and  arc,  therefore,  useful  in  the  design  of 
pulse  compression  filters  with  high  compression  ratios  ( 137 ] . 


X.  Magnetoelastic  Surface  Waves 


Magnetoelastic  surface  waves  are  a  direct  extension  of  the  bulk  magneto- 
elastic  wave  phenomena  [8l],  C 163] .  The  magnetoelastic  effect  combines  the 
properties  of  acoustic  waves  and  of  spin  waves.  The  latter  are  created  by 
oscillations  of  the  angle  between  adjacent  atomic  moments  in  a  ferromagnetic 
solid.  The  spin  waves  are  highly  dispersive  and  their  dispersive  character¬ 
istic  depends  on  dc  magnetic  field.  A  strain  of  the  crystal  lattice  can 
affect  the  magnetic  moments  resulting  in  a  coupling  between  acoustic  and  spin 
waves.  This  coupling  is  most  effective  when  the  wavelengths  and  frequencies 
of  the  two  waves  are  comparable.  Devices  which  utilize  magnetoelastic  wave 
propagation  in  solids  use  non-uniform  internal  dc  magnetic  fields.  Thus, 
since  the  acoustic  waves  are  usually  nondispersive  while  the  spin  waves  are 
highly  dispersive,  the  Interaction  of  the  two  waves  takes  place  over  a 
limited  region  only.  Hence,  the  magnetoelastic  devices  operate  in  effect 
as  a  combination  of  two  distinct  modes,  where  over  most  of  theiv  path  of 
propagation  they  are  either  acoustic  or  spin  waves  only  [198]. 

A  magnetoelastic  delay  line  Is  obtained  by  electromagnetically  exciting 
spin  waves  irtiich  in  turn  couple  to  an  acoustic  mode.  Since  the  wavelength 
of  the  electrosMgnetlc  field  at  any  frequency  is  usually  much  greater  than 
that  of  the  spin  wave  Its  realization  is  not  obvious.  The  mechanism  of  the 
spin  wave  excitation  Is  quite  complicated  and  can  be  indicated  in  qualitative 
teram  as  follows;  By  a  proper  choice  of  the  magnetic-field  bias  the  region 
near  the  end  faces  of  a  ferromagnetic  rod  is  made  to  fall  in  the  range  of 
spin  wave  resonance;  i.e.,  the  highly  dispersive  characteristic  of  the  spin 
wave  mode  as  a  function  of  the  dc  magnetic  bias  is  adjusted  to  fall  in  the 

2tt 

k  ■  0  range,  where  k  ■  *^-  is  the  wave  number.  In  other  words,  the  dispersive 

37. 


characteristic  is  adjusted  so  that  the  k  »  0  point  on  the  frequency  vs  wave 
nuaber  plot  corresponds  to  the  frequency  of  the  exciting  electromagnetic 
field.  A  magnetostatic  wave  (spin  wave  of  very  long  wavelength  or  low 
wave  nuaber)  is  thus  launched  and  proceeds  into  the  rod.  If  the  internal 
magnetic  field  is  made  to  be  non-uniform,  decreasing  towards  the  center  of 
the  rod,  the  generated  spin  wave  prop  igates  into  lower  magnetic  fields  and 
consequently  higher  values  of  wave  nuaber.  This  comes  about  due  to  the 
fact  that  the  highly  nonlinear  and  sa  Idle -shaped  dispersion  characteristic 
(frequency  vs  wave  number)  of  the  spin  wave  shifts  downward  with  lower 
magnetic  field  bias.  Eventually  the  wavelength  is  reached  at  which,  for 
the  given  frequency  of  the  wave,  the  spin  wave  is  converted  into  an  acoustic 
wave  which  continues  to  propagate  as  a  nondisperslve  circularly  polarised 
shear  wave.  At  the  other  end  of  the  rod  the  process  is  reversed  and  the 
signal  is  retrieved  in  the  fora  of  an  alectroaagnetic  wave. 

The  delay  obtained  in  the  spin  wave  region  depends  on  its  extant  which 
can  be  adjusted  by  the  gradient  of  ths  magnetic  field.  Hence,  it  is  possible 
to  design  variable  delay  lines  by  utilising  the  magnetos  last  lc-wave  device. 
Also,  although  the  dispersive  characteristic  of  the  spin  wave  is  highly  non¬ 
linear,  it  is  possible,  by  a  judicious  choice  of  the  regions  of  spin  wave  and 
acoustic  wave  propagation,  to  obtain  a  linear  dispersion  characteristic  over 
a  reasonably  wide  range  of  frequencies.  Magnetoelastic  bulk  wave  devices 
have  been  applied  in  the  design  of  pulse  compression  filters. 

It  should  be  noted  that  the  above  discussion  of  the  excitation  of  spin 
waves  in  structures  idiich  utilise  magnetic  field  bias  with  rising  skirts  at 
the  ends  of  the  rod  is  not  desli’abla  because  of  strong  de  foe  using  effects  on 
the  spin  wave  [198].  It  also  requires  special  arrangements  to  obtain  such  a 
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field  configuration.  On  the  other  hand,  in  a  ferromagnetic  solid  in  the 

form  of  a  rod  in  a  uniform  applied  magnetic  field,  the  internal  magnetic 

field  is  non-uniform  with  falling  skirts  towards  the  ends  of  the  rod.  In 

such  a  structure  the  excitation  of  magnetoelastic  waves  is  slightly  moi.e 

complicated,  with  the  magnetostatic  waves  traveling  in  the  direction  of 

Increasing  field.  The  magnetostatic  wave  travels  toward  a  turning  point  at 

which  it  is  reflected  as  a  high-k  spin  wave  and  travels  in  the  direction  of 

decreasing  Internal  magnetic  field  and,  as  before,  is  coupled  into  an 

acoustic  wave.  The  acoustic  wave  is  then  reflected  from  the  flat  ends  of 

the  rod  and  can,  if  desired,  propagate  to  the  other  end  of  the  rod.  An 

excellent  discussion  on  the  mechanism  of  relection  of  the  spin  wave  at  the 

turning  point  is  given  based  on  an  analogy  to  the  propagation  of  electro- 

* 

magnetic  waves  in  dielectric  guides  with  varying  dielectric  properties. 

Magnetostatic  surface  waves  have  been  investigated  for  the  past  several 
years.  First  predicted  by  Eshbach  and  Damon  [8l]  and  observed  experimentally 
by  Olson  et  al  [  163] ,  they  have  received  considerable  attention  in  the  past 
two  years  [34],  [208],  [219],  [260].  Recently,  the  coupling  of  this  wave  to 
the  Love  mode  surface  wave  was  investigated  theoretically  indicating  the 
feasibility  of  surface  magnetoelastic  devices  [ 153] ,  [164],  [ 165] ,  [ 166 ] . 


B.  A.  Auld,  J.  H.  Collins,  and  D.  C,  Webb,  "Excitation  of  Magnetoelastic 
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